The Hedgehog (Hh) signalling pathway has a crucial role in several developmental processes and is aberrantly activated in a variety of cancers. In Drosophila, many of the canonical Hh pathway components are phosphorylated, yet the precise role of these phosphorylation events in the regulation of Hh signal transduction is unclear. Furthermore, the Hh pathway receives input from several kinases that have well-described roles in other cellular functions, some of which have both positive and negative effects on Hh signalling. Several recent studies have characterized the role of specific phosphorylation events in the Hh pathway, and have begun to shed light on how phosphorylation of Hh signalling components affects their subcellular location, stability and activity to mediate the transcriptional response to the Hh gradient.
Introduction
Hedgehog (Hh) family proteins are secreted molecules that have a role in many developmental processes, as well as regulating tissue homeo stasis in adults. impaired Hh signalling results in birth defects and recently an alarming number of reports have also implicated inappro priate Hh pathway activation in several types of cancer, providing a strong impetus for understanding the mode of action of Hh.
Several proteins have been identified that regulate the cellular response to secreted Hh in Drosophila melanogaster (Hooper & Scott, 2005) . the transmembrane proteins patched (ptc) and interference Hedgehog (ihog) are required for cells to receive Hh. in the presence of Hh, ptc activity is repressed, resulting in the derepression of another transmembrane protein, Smoothened (Smo) . Smo then acts through a protein complex containing the kinesinlike protein costal2 (cos2), the Ser/thr kinase Fused (Fu) and the transcription factor cubitus inter ruptus (ci); Smo derepression results in the stabilization of ci and its translocation to the nucleus, where it can regulate Hh target genes (Fig 1) . ci transcriptional activity is also regulated through its binding to Suppressor of Fu (Sufu) , although the precise role of Sufu remains elusive. together, the Hh signalling components are able to translate various levels of Hh ligand into different cidependent transcriptional responses. in the Drosophila wing imaginal disc-in which Hh activity is required for patterning of the adult wing-high levels of Hh induce 'highlevel' target genes such as engrailed (en) and ptc, whereas lower levels of Hh induce 'lowlevel' target genes such as decapentaplegic (dpp), collier (col ) and iroquois (iro). Much of our understanding of the Hh pathway originates from genetic studies involving the deletion or overexpression of pathway components. However, these types of approach have proven inadequate for describing the complex inter actions among the Hh pathway components, many of which seem to have dual roles or are involved in feedback loops.
Various Hh signalling components are phosphorylated on mult iple residues. interestingly, some kinases have a role in both path way repression in the absence of Hh and pathway activation in the presence of Hh. Such opposing dual roles for particular kinases are also observed in the Wnt/Wingless pathway (price, 2006) , suggesting that these pathways might share analogous regulatory mechanisms through phosphorylation. Several recent studies have investigated the role of particular phosphorylation events in Hh signal transduction. Here, we discuss the role of phosphorylation in the Drosophila Hh pathway and attempt to consolidate these recent findings into a model of the cellular response to Hh. We also examine the conservation of the regulation of Hh signalling by phosphorylation from invertebrates to vertebrates.
Kinases acting in the Hh pathway
the Ser/thr kinase Fu is a positive regulator of Hh signalling in Drosophila, as the absence of Fu reduces pathway activation (alves et al, 1998) . Fu does not display homology with other known kinase subfamilies and seems to function uniquely in the Hh signalling pathway. Fu is composed of two domains: a catalytic aminoterminal domain (FuKin) and a carboxyterminal regulatory domain (Fureg) that mediates Fu interactions with other proteins. Fu associates with cos2 in a stoichiometric manner (ascano et al, 2002; robbins et al, 1997) , and can also interact directly with both Smo and Sufu (Malpel et al, 2007; Monnier et al, 1998) . cos2 and Sufu phosphorylation in response to Hh depends on Fu kinase activity (Dussillolgodar et al, 2006; Lum et al, 2003; Nybakken et al, 2002) ; however, it remains to be shown whether this effect is direct. indeed, the difficulty in purify ing functional Fu protein has hindered the identification of its direct substrates, and so its consensus target motif is unknown. Fu is phos phorylated in response to Hh (therond et al, 1996) , and it has been reviews con cep t proposed that Fu activity is autoregulated through an intramolecular mechanism (ascano & robbins, 2004) . Furthermore, there is evi dence indicating that phosphorylation of thr 158 has a role in the regulation of Fu activity (Fukumoto et al, 2001) . However, both the underlying mechanism of activation of Fu in response to Hh and the effect of Fu phosphorylation on its activity remain unclear.
protein kinase a (pKa), casein kinase i (cKi) and glycogen synthase kinase 3 (gSK3) cooperate at several levels to regu late Hh signalling. all three of these Ser/thr kinases bind to cos2, and phosphorylate homologous domains on ci and Smo (Fig 2) . phosphorylation of ci by pKa, cKi and gSK3 is required for the efficient processing of ci 155 to its transcriptional repressor form, ci 75 (chen et al, 1998; Jia et al, 2002; price & Kalderon, 2002) , indicat ing that it has an inhibitory effect on the pathway. indeed, the loss of phosphorylation by any of these kinases leads to ci 155 accumu lation and ectopic targetgene activation owing to reduced ci 155 proteolysis ( Jia et al, 2002; price & Kalderon, 2002) . conversely, phosphorylation of specific pKa and cKi sites on the c terminus of Smo is required for pathway activation in the presence of Hh ( Jia et al, 2004; zhang et al, 2004) . a gSK3 consensus site has also been identified in the Smo c terminus; however, the importance of this site is not clear, as an alanine substitution has no effect (apionishev et al, 2005) . the mechanism by which Hh mediates the switch from the negative effect of these kinases to the positive effect is unclear, but it might involve a reorganization/dissociation of the Smo-cos2-Fu-ci complex on Hh reception (see below).
Smo displays homology to gproteincoupled receptors (gpcrs), which are often associated with Ser/thr kinases called gprotein coupled receptor kinases (gprKs). Drosophila gprk2 has a positive role in Hh signalling (Molnar et al, 2007) and is also a transcriptional target of Hh signalling, indicating a potential mechanism of signal amplification. gprK2 is required for Smo phosphorylation and inter nalization in vertebrates (chen et al, 2004) ; therefore, it is possible that gprk2 mediates pathway activity by a similar mechanism in Drosophila. Despite the regulation of Smo by a gprK, it is important to note that there is no strong evidence of any gpcrlike function for Smo.
Maintaining pathway inactivation in the absence of Hh
in the absence of Hh, ptc limits the levels of Smo at the plasma membrane. there is evidence that Smo cycles between the plasma membrane and an intracellular compartment in the absence of Hh ( Jia et al, 2004; ruel et al, 2003) ; therefore, ptc might prevent Smo accumulation by promoting Smo reinternalization, by reducing its ability to cycle back to the plasma membrane or by increasing its degradation (Denef et al, 2000; Nakano et al, 2004) . consequently, total Smo levels are low in the absence of Hh, and the Smo that is present is associated with cos2, Fu and ci (Lum et al, 2003; ruel et al, 2003) . interestingly, Smo is destabilized in the absence of Hh, whereas cos2 and Fu are stabilized; it is not clear how cos2 and Fu escape degradation despite their association with Smo.
cos2 exerts a negative effect on the Hh pathway. cos2 has a cru cial role in mediating the proteolysis of ci 155 to ci 75 in the absence of Hh. cos2 recruits pKa, cKi and gSK3 to hyperphosphorylate ci 155 , which creates recognition sites for Slimb/Skp1/cullin/Fbox (Slimb/ ScF) ubiquitin ligase complexes and directs ci 155 to the proteasome to be cleaved to ci 75 ( Jiang & Struhl, 1998; Smelkinson et al, 2007; zhang et al, 2005) . indeed, the absence of cos2 can induce ectopic accumulation of ci 155 owing to the lack of ci proteolysis, which can be restored in this context by overexpressing pKa, gSK3 and cKi (zhang et al, 2005) .
in the absence of Hh, Fu is in a nonphosphorylated and pre sumably inactive state, which is potentially mediated by auto inhibition through its regulatory domain (ascano & robbins, 2004) . there is evidence that Fureg is required for the proteolysis of ci 155 to ci 75 , indicating a structural role for Fu that is independ ent of its kinase activity (Lefers et al, 2001; Methot & Basler, 2000) . although Fu relies heavily on cos2 for stability-as reducing levels of cos2 reduces levels of Fu (Lum et al, 2003; ruel et al, 2003) -it is not clear whether a reciprocal arrangement exists between Fu and cos2. indeed, there is some evidence for destabilization of cos2 in cells treated with Fu doublestranded rNa (Liu et al, 2007) . this could explain the requirement of the Fureg domain for efficient ci proteolysis, as Fu constructs with deletions in this domain lose the ability to bind to cos2 (robbins et al, 1997) and might therefore lose the ability to stabilize cos2. alternatively, it is possible that Fu has a more general structural role in stabiliz ing the Smo-Fu-cos2-ci complex to allow efficient ci processing. Ci, Cubitus interruptus; CKI, casein kinase I; Cos2, Costal 2; CS, cleavage site; Hep repeats, heptad repeats; Fu, Fused; GSK3, glycogen synthase kinase 3; MT, microtubule-interacting domain; NES, nuclear-export signal; NLS, nuclear-localization signal; PEST sequence, a region rich in the amino acids proline (P), glutamic acid (E), serine (S) or threonine (T); PKA, Protein kinase A; Smo, Smoothened; Sufu, Suppressor of Fu; TM, transmembrane domains; Znf, zinc finger.
Cos2 ( (Malpel et al, 2007) . Overall, it remains to be determined precisely how Fu acts to silence the Hh pathway.
Phosphorylation events mediating the response to Hh
On binding to Hh, ptc is inhibited, allowing activation of down stream signalling. phosphorylation of Smo, Fu, cos2 and Sufu can be observed in response to Hh, but it is not known how ptc inhibition triggers these phosphorylation events. although the presence of Smo is required for phosphorylation of Fu, cos2 and Sufu, it is unclear whether Smo must itself be phosphorylated to mediate this effect.
Smo is hyperphosphorylated in response to Hh, which induces a conformational change in its cterminal tail through electrostatic interactions between negatively charged phosphorylated residues that neutralize adjacent clusters of positively charged amino acids (Fig 2; zhao et al, 2007) . phosphorylated Smo is more stable than the nonphosphorylated form (Denef et al, 2000) , and a mutant form of Smo (Smo SD123 )-with the three pKa and six cKi phosphorylation sites changed to aspartate residues to mimic phosphorylation-is stabilized at the plasma membrane in the absence of Hh ( Jia et al, 2004) . this suggests that the phosphorylation and stability of Smo are causally linked, and that the phosphorylation of Smo cterminal residues is sufficient to stabilize Smo at the plasma membrane and to activate target genes, even in the presence of ptc activity. it is inter esting to note that Hh can induce further accumulation of Smo SD123 ( Jia et al, 2004) , suggesting either that additional phosphorylation sites exist on Smo or that inhibition of ptc can act to further stabilize phosphorylated Smo at the membrane. indeed, there is evidence for additional Hhstimulated phosphorylation sites on Smo other than pKa and cKi (apionishev et al, 2005; zhang et al, 2004) , some of which might be regulated by gprk2 (Molnar et al, 2007) .
Fu also becomes hyperphosphorylated in the presence of Hh, and this activity depends on the presence of Smo (Lum et al, 2003; ruel et al, 2003) . although Fu kinase activity and Fu phosphorylation are observed in the presence of Hh, it is not clear whether phospho rylation of Fu necessarily affects its kinase activity. alternatively, Fu phosphorylation could regulate its stability or its interaction with other proteins. therefore, the regulation of Fu activity in the presence of Hh remains largely unknown. On the basis of the recent finding that a membranetethered Fu construct is constitutively active, it is tempting to speculate that translocation of Fu to the plasma mem brane is sufficient for its activation (claret et al, 2007) . Evidence also indicates that Fu kinase activity is required for Smo phospho rylation and accumulation (claret et al, 2007) , placing Fu activation upstream of these events.
in addition to its role in ci degradation, cos2 exerts a negative effect on Smo. Overexpression of cos2 inhibits Smo phosphoryl ation and accumulation at the plasma membrane ( Jia et al, 2003; ruel et al, 2003) . this inhibitory effect is probably mediated by the direct binding of cos2, through its c terminus, to Smo (Fig 2) . recently, a functional role for Fudependent phosphorylation of cos2 on Ser 572 has been shown, as an alanine substitution at this position blocked Hh pathway activation (Fig 3a; Liu et al, 2007; ruel et al, 2007) . On cos2 phosphorylation, the association of cos2 with ci and Smo is strongly reduced. Furthermore, substi tution of Ser 572 to an aspartate residue (cos S572D ), which mimics phosphorylation, also strongly reduced the association of cos2 with ci and Smo, leading to the ectopic stabilization of ci. Ectopically expressed cos2 S572D did not activate Hh target genes in vitro or in vivo, indicating that signalling in Hhreceiving cells might require a dynamic change in the phosphorylation status of cos2 (Fig 3B) . the fact that En expression is lost in cells lacking cos2 (despite the accumulation of ci 155 ), and is restored in cells lacking both cos2 and Sufu (Wang et al, 2000) , indicates that cos2 is necessary to antago nize Sufu. it is possible that unphosphorylated cos2 is required to recruit Fu/ci/Sufu to Smo, and that Fu kinase activity then leads to phosphorylation of Sufu and cos2. On phosphorylation, cos2 dis sociates from Smo and ci to allow targetgene activation. therefore, cos2 could have a positive role in the pathway both by stabilizing Fu and by mediating the interaction of Fu with its substrates.
Hh signalling induces the destabilization of Fu and cos2, whereas Smo levels are increased (Lum et al, 2003; ruel et al, 2003) . it was recently proposed that cos2 S572D was less stable in vitro than either wildtype cos2 or cos2
S572a (Liu et al, 2007) , raising the possibility that cos2 phosphorylation is coupled to its degradation. it is not known whether cos2 phosphorylation is reversible and further studies are necessary to characterize the fate of phosphorylated cos2.
Owing to the homology between the phosphorylation domains in ci and Smo, it is tempting to speculate that cos2 is also nec essary to recruit the same kinases to Smo as for ci. Moreover, it has been proposed that cos2 is required for Hhinduced Smo sta bilization in Hhreceiving cells (Lum et al, 2003) . However, sev eral pieces of evidence indicate that little, if any, cos2 is required for the phosphorylation and stabilization of Smo. indeed, on Hh reception, cos2 is destabilized and dissociates from pKa, cKi and gSK3 (zhang et al, 2005) . Furthermore, Smo stability is unaffected in cells lacking cos2 in vivo (Nakano et al, 2004; ruel et al, 2003) , and Hhinduced Smo phosphorylation and cellsurface accumula tion can still be observed in cultured cells in which cos2 levels (Liu et al, 2007) . these findings suggest that cos2 is not required to bring together Smo and the kinases that phos phorylate it, but that Smo phosphorylation and stabilization in the absence of cos2 is still subject to regulation by Hh.
Sufu is phosphorylated in response to Hh and this event is dependent on Fu kinase activity (Dussillolgodar et al, 2006) . Sufu strongly associates with ci (Lum et al, 2003) and can compete with cos2 for binding with an Nterminal domain of ci 155 . although the loss of Sufu does not result in a change in wing phenotype (pham et al, 1995) , a decrease in the protein levels of both ci 155 and ci 75 can be seen in disc extracts (Lefers et al, 2001; Ohlmeyer & Kalderon, 1998) . this decrease in total ci levels might render the pathway more sensitive to additional aberrations, as Sufu loss enhances the phenotype caused by the lack of cos2 (preat et al, 1993) . there is evidence indicating that Sufu can stabilize ci by competing with particular ubiquitinligase adaptor proteins for binding to ci (zhang et al, 2006) . conversely, ectopic expression of Sufu in the disc weakly reduces the expression of target genes at the anterior-posterior boundary, and causes ectopic dpp and ptc expres sion further from the Hh source, owing to the stabilization of ci 155 (Dussillolgodar et al, 2006) . these findings point not only to a role for Sufu in stabilizing ci, but also to a negative role for Sufu in Hh receiving cells. consistent with this idea, Smelkinson and colleagues have shown that the activity of a form of ci that is unable to undergo proteolysis can be enhanced by the loss of Sufu (Smelkinson et al, 2007) . Furthermore, it has been proposed that Sufu limits nuclear entry and activity of ci (Methot & Basler, 2000) ; however, the pre cise mechanism remains unclear, as Sufu can itself translocate into the nucleus in the presence of ci and Hh. interestingly, the pheno type of FuKin mutants can be rescued by the loss of Sufu (preat et al, 1993) , which points to a role for Fu in antagonizing Sufu. Overall, it is possible that Sufu buffers ci levels by preventing ci degradation, while at the same time suppressing ci activity.
Is there a common signalling mechanism for all levels of Hh?
On the basis of our knowledge of the Hh pathway, we support a model in which, in the absence of Hh, cos2 binds to pKa, cKi and gSK3 to direct their activity towards ci and away from Smo, leading to ci proteolysis (Fig 1a) . On Hh stimulation, ptc can no longer inhibit Smo, inducing Fudependent cos2 phosphorylation and release/ degradation, and therefore stabilizing an active form of ci 155 and allowing the unbound kinases access to Smo (Fig 1B) . phosphorylation of Smo induces a conformational change resulting in its stabilization and accumulation at the plasma membrane. therefore, cos2 has a negative effect on Smo accumulation and Fu is able to relieve this inhibition by the phosphorylation of cos2. phosphorylated Smo is also able to further induce Fu/cos phosphorylation (ruel et al, 2007) , indicating that unphosphorylated Fu/cos2 might still be recruited to phosphorylated Smo to be activated (Fig 1B) . this model indicates that Fu activity, cos2 phosphorylation and Smo accumulation are required to some extent for all levels of Hh signalling, and that the prevalence of these events is directly controlled by the level of Hh.
Conservation of phosphorylation in the Hh pathway
although it has been proposed that Hh signalling has diverged downstream of Smo in vertebrates, there is still controversy about the precise role of Fu and cos2, and their functional homologues.
Sufu might have a similar role in zebrafish to that in flies; however, it has a crucial repressive role in mice (Huangfu & anderson, 2006) , perhaps assuming some of the repressive functions of Fu and cos2. in cultured mouse fibroblast cells, the absence of the two closest homologues of cos2-Kif7 and Kif27-does not perturb Hh sig nalling (Varjosalo et al, 2006) ; however, morpholino knockdown experiments indicate that the zebrafish homologue of Kif7 acts like cos2, as a negative regulator of the pathway (tay et al, 2005) . in addition, the knockdown of one of the Fu homologues in mice does not impair Hh signalling (Huangfu & anderson, 2006) , although the zebrafish homologue of Fu seems to be required (Wolff et al, 2003) . therefore, despite the potential for in vivo redundancy with related kinases and kinesins, there seems to have been a divergence within the Hh pathway between fish and mice.
the Smo cterminal tail has diverged notably between mammals and flies. the pKa and cKi phosphorylation sites found in Drosophila Smo (dSmo) are not conserved in mammalian Smo (mSmo). it has recently been shown that mSmo, similar to dSmo, undergoes a con formational change in response to Hh, and that a cluster of positively charged amino acids is important in regulating this change (zhao et al, 2007) , suggesting that different phosphorylation sites regu late the electrostatic interaction in mSmo. indeed, several residues in loop 3, as well as in the cterminal tail, are essential for high level mSmo activation (Varjosalo et al, 2006; zhao et al, 2007) . intriguingly, one report describes a positive role for pKa in Hh signal ling in chicken embryos (tiecke et al, 2007) , indicating that it might regulate another domain of Smo or interfere at another level of the pathway. as mentioned earlier, mSmo can also be phosphorylated by gprK2 (chen et al, 2004) . therefore, despite sequence divergence between dSmo and mSmo, the mechanism of Smo activation by phosphorylation seems to be conserved.
although in vertebrates the function of ci has been split between its three vertebrate homologues, gliomaassociated oncogene homo logue 1 (gli1), gli2 and gli3, the phosphorylation sites for pKa, cKi and gSK3 are conserved (price & Kalderon, 2002; Jia et al, 2002) . concordantly, in vitro analysis has shown a role for gSK3 and cKi in the proteolysis of gli proteins (reviewed by riobo & Manning, 2007) , although no genetic analysis has been performed in vertebrates to determine their in vivo functions. Nevertheless, in both mouse and zebrafish, the absence of pKa activity leads to activation of Hh sig nalling (Hammerschmidt et al, 1996; Epstein et al, 1996) . in addi tion, it seems that phosphorylation of the gli proteins primes them for ubiquitination by the Slimb homologue βtrcp and subsequent proteolysis, resulting in either full degradation or processing to a repressor form (riobo & Manning, 2007) . therefore, the regulation of ci/gli and Smo by phosphorylation seems to be conserved between insects and vertebrates.
Conclusions and perspectives
although there are still several important gaps in our understanding of Hh signalling (Sidebar a), the characterization of the functional role of specific phosphorylation sites on Hh signalling components has provided new information on how these proteins communi cate. there is evidence for additional phosphorylation sites on cos2 (Nybakken et al, 2002; ruel et al, 2007) and Smo (apionishev et al, 2005; zhang et al, 2004) , and there is even an indication that ptc might be phosphorylated (Denef et al, 2000) . in addition, the use of phosphatase inhibitors has indicated that Ser/thr phosphatases can regulate Hh pathway activity (Denef et al, 2000; ruel et al, 2007) , and reviews con cep t a genomewide rNainterference screen in S2 cells identified pro tein phosphatase 2a as being required for the activation of a reporter gene in the presence of Hh (Nybakken et al, 2005) . Biochemical and genetic characterization of how phosphorylation events affect the interaction of Hh signalling components, and their stability and activ ity, will certainly provide muchneeded insight into how these pro teins cooperate to translate the extracellular morphogen gradient into a graded transcriptional response. 
